Abstract-Transients upon faults can be analyzed by the timedomain approach adopted e.g. in available EMTP based software. When the connection becomes complex and the effect of circuit parameters must be systematically evaluated, the efficiency drops and simplifications are required to limit computation time. For a new connection (Randstad380) the complexity is related to the embedded mutually coupling cables (2 circuits, 2 cables per phase) and the use of cable joints over varying distances. This paper applies an alternative approach that analyzes transients upon faults in frequency domain. The modeling procedure is presented in detail and it is applied to the Randstad380 south-ring connection. Comparison is made with PSCAD/EMTDC modeling based on a simplified transmission line configuration, which is suitable for time-domain simulation. The results show that the presented method is able to effectively and accurately analyze fault transients.
INTRODUCTION
Fault, also called unwanted short circuit, occurs unexpectedly in HV transmission systems (overhead lines or cables), and can have serious consequences like damage of expensive devices [1] , [2] . Therefore, fault analysis is one of the key topics in power system analysis. EMTP-theory based simulation tools are widely used to provide the waveform of transient voltages and currents. EMTP-theory has two key features: a) curve fitting method to solve the differential equation consists of system impedance and admittance matrices; b) difference equation representing differential equation to describe e.g. the relationship of the voltage and current of each element, and its result is calculated and accumulated for each time step, [3] , [4] . This method provides reliable results, but becomes rather inefficient when dealing with complex transmission lines, mainly because a) the fitting parameters are difficult to determine when a large number of conductors are mutually coupled; b) the simulation time steps have to be taken small when the length of line segment is small. In order to incorporate the time needed by a traveling wave travel through this segment (e.g. 0.5 µs for a length of 0.9 km for the studied connection), and consequently, the total simulation duration is prolonged. This problem is even more severe when simulating faults occurring at steady state operation. The calculation process This work was financially supported by TenneT TSO B.V. within the framework of the Randstad380 cable research project, Arnhem, the Netherlands.
has to evolve to steady state condition first. Only after that the transients upon the fault can be analyzed, [3] , [4] .
An example of the complexity is the new double-circuit 380 kV transmission line (20.8 km long) in the Randstad area in the Netherlands, currently being under construction. It is composed of overhead line (OHL1, 6.0 km), cable (10.8 km), and OHL2 (4.0 km), see Fig. 1 . The cable part includes 12 mutually coupled power cables and the total cable length is divided into 12 minor sections with on average a length of 0.9 km. Three successive minor sections are grouped as one major section. Within one major section two neighboring minor sections are connected via cross-bonding joint and two neighboring major sections are connected via straight through joint. Three different trench types are used to bury the cables, mainly differing in cable depth and distance between each cable pair. An efficient method to analyze the fault in this complex transmission line is demanded, especially for multiscenario study, e.g. systematic research to investigate effects by varying specific parameters. This paper adopts an alternative method that directly solves the differential equation of system impedance and admittance matrices (no curve fitting method) and constructs the waveform of transient voltages and currents via frequency domain (no simulation time steps). The calculation process starts from steady state operation (Section II). This concept is applied to analyze the no-load switching surge response for different HV overhead line and underground cable configurations by [5] ; in this paper, it is applied to analyze the single phase-toground fault. Results are compared with PSCAD/EMTDC simulation based on a simplified cable configuration (Section III). Detailed information of the transmission line configuration is presented in the Appendix. 
FAULT ANALYSIS IN FREQUENCY DOMAIN
The core of the frequency domain analysis is the so-called ABCD-matrix built by frequency-dependent parameters, describing the relationship between the voltages and currents of two terminals of a component.
A. ABCD-Matrix
Consider the configuration shown in Fig. 2 . The general result of establishing the ABCD-matrix of a transmission line ( [5] , [6] ) is summarized in the Appendix. The complete ABCD-matrix of the transmission line shown in Fig. 1 (threephase system) can be obtained with the help of the modeling method for parallel connections given in [7] , as
The ABCD-matrices of the circuit breaker equivalent resistor (R CB ) and source inductor (L S ) can be constructed as
where m presents R CB or L S , and Z m is a 3-by-3 diagonal matrix of R CB or jωL S . ID is an identity matrix and O is a zero matrix. Note that the circuit breaker is considered in the same manner as PSCAD/EMTDC, meaning a large resistor (10 9 Ω) for open state and small resistor (10 -3 Ω) for closed state. The ABCD-matrix of the system between locations E and H can be derived accordingly as
where
Each of the voltage and current quantities represents threephase phasors, e.g.
Three-phase transmission system with source uS(t), source equivalent inductor LS, circuit breaker C_B, Transmission line, and Load. E to H indcate different locations.
B. Fault Analysis with ABCD-Matrix
Fault can basically be considered as the closure of a switch at the fault location. As proposed in [8] , the closing or opening action of a switch can be regarded as adding an equivalent voltage or current source with equal amplitude and opposite sign to the voltage or current of the switch at the switching moment, such that afterwards the net voltage or current of the switch is zero.
Assume a single phase-to-ground fault with an arbitrary fault impedance occurs at location H in phase A (see Fig. 3 ) when t = t Fault , and the circuit breaker contacts start to separate at t = t Separate . After the currents in the circuit breaker reach zero the circuit breaker opens at t Open . The aim is to calculate the three-phase time-domain voltages and currents of both fault location and circuit breaker.
According to superposition principle, the general idea is to calculate the responses to voltage source and to each equivalent source to fault and opening action separately followed by their summation. With the presumption that the system is originally in steady state operation, the source voltage (u Source (t), in time domain) can be changed into phasors with power frequency (ω 0 ), U E (ω 0 ). The time-domain voltage u H ,ω 0 (t) at location H is calculated by inserting the load condition
in (2), where Z Load is a diagonal matrix of Z Load,A , Z Load,B , and Z Load,C . Next, the phasor is transformed to time-domain by
The corresponding load current at point H is
With U H and I H known, the voltages and currents at any other location in the system can be obtained, e.g. at location F, Fig. 3 . Equivalent circuit diagram for fault with fault impedance in frequency domain.
Thus, the voltages and currents at circuit breaker caused by the voltage source in steady state are:
. From (4), the equivalent voltage source u Fault (t) representing the fault is
Applying Discrete Fourier Transformation to u Fault (t) produces n phasors: U Fault (ω k ) (k = 1, …, n), each of which has its own response in the system that can be obtained individually according to Fig. 3 
where w represents voltage u or current i; and M indicates the parameters at circuit-breaker FG, the near end F, or far end H of the transmission line. After the circuit breaker detects the fault, it will open and the current will be interrupted at its natural zero-crossing moment. Since the currents in the threephase contacts of the circuit breaker reach zero point at different time instances, three equivalent current sources to the opening of the correlated phases have to be constructed in sequence. The decision for the first phase to open is made by checking in which phase the current of i F,AfterFault (t) obtained by (7) reaches zero in the first place after the physical separation of the circuit breaker contacts (t Separate ), indicated by "1st" in the following subscript. The equivalent current source to the opening of this phase is
The decision for the opening of the second phase has to combine the response (circuit breaker current) to i Open,1st (t) with previous sources: u Source (t) and u Fault (t). Finally, the total transient voltages and currents can be obtained by summing all the individual responses to the corresponding sources.
III. CASE STUDY
The method of analyzing the fault transient in frequency domain described in Section II is applied to the system configuration shown in Fig. 1 (380 kV level and each circuit has a rated current of 4 kA). The scenario defining parameters are presented in Table I and the results are shown in Fig. 4 . Transients start from 0.105 s. The current in phase A changes abruptly, and it distorts the voltages and currents in phase B and C. After the contacts of the circuit breaker separate in sequence, the current in each phase extinguishes accordingly, immediately followed by the establishment of the voltages over the circuit breaker.
A comparison between this adopted method and PSCAD/EMDTC simulation based on the following simplification:
• 12 cable minor sections are identical: 0.9 km long, open trench, with earth resistivity as 100 Ωm; • two cable circuits are no longer mutually coupled.
The voltages and currents at the load (position H in Fig. 2 ) are shown in Fig. 5a-c (left column) for all phases. Fig. 5d-f (right column) show the voltages over and currents through the circuit-breaker (position FG in Fig. 2) . In each graph, the two curves (from the adopted method and from PSCAD/EMTDC time-domain simulation) have almost equal profiles, validating the adopted method. For the shown configuration, the adopted method (implemented by MATLAB code without optimizing for calculation speed [10] ) is faster than PSCAD/EMTDC software by a factor of about 20 using the same platform.
IV. CONCLUSION
This paper uses a frequency domain approach to analyze the fault transients in a transmission system (including overhead line and underground cable), which is too complex to efficiently analyze by EMTP-theory. A model of a series connection of an equivalent voltage source with impedance is used to represent the fault in frequency domain. With the applied method, transients can be depicted based on the complete model, and the comparison with PSCAD/EMTDC software based on a simplified model assures the accuracy of this method.
Furthermore, the equivalent model of the fault with fault impedance can be applied to model nonlinearity phenomena in transmission system in frequency domain, e.g. surge arrester, since they share the same mathematical concepts. The method used in this paper directly solves (9) into the form of ABCD-matrix relating terminals p and q.
The columns of matrix T are the eigenvectors of
and Λ is a diagonal matrix with the corresponding eigenvalues. D is the length of the line. The detailed configuration of the considered transmission line (in Fig. 1 ) is presented below. The applied parameter values are typical values, which vary slightly for the different minor and major sections along the actual connection.
Each cable has six parts ( Fig. 7 ): conductive core with stranded copper wires, semi-conductive layer, XLPE insulation layer, semi-conductive layer, conductive screen layer, and PE outer sheath layer. Fig. 8-10 show details of trench types, cable joints, and tower configurations. Tables II to IV contain information on the circuit design as being applied in the simulation. 
